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AN RBXPERIMENTAL INVESTIGATION OF FLOW ACROSS
TUBE BANKS

By M, J. Brevoort and A, N, Tifford
SUMMARY

An experimental investigation of the detalls of the
flow of fluids across tube banks has been conducted. In-
formation that clarifies the picture of the flow has been
obtained by surveys of tetal, dynamic, and statlc pressure,
by visuallization of the flow through the use of titanium
tetrachloride smoke, by thermocouple surveys of heated
tubes, and by hot-wire surveys of both heated and unheated
tubes.

INTRODUCTION

The object of good design in heat exchangers 1s to
obtaln a high ratlio of heat transfer to pressure drop.
In the design of tubular intercoolers for alrcraft, tubes
of circular cross section are generally used. 1In refer-
ence 1 pressure~drop and heat-transfer data for wvarious
bank arrangements 07 such tubes have been published. 4t
best, the ratio of heat transfer to pressure drop when
the alr nasses across the tubes 1s half that obtalned when
alr passes through the tubes.

The questlion then arises as to why flow across tube
banks should be so nuch less efflicient than flow through
tubes., The gneswer 1s known in a general way. ZFlow through
tubes 18 entirely frictional; whereas, in flow across
tubes, the boundary layer breaks away from the rear surface
of the tubes and vortices sare gshed. The shedding of vorti-
ces accounts for the low ratio of heat transfer to pressure.
drop.

" The present work is e detalled study of the flow ocon-
ditions exlisting In a bank of staggered circular tules.
The obJect of the study has bYeen to clarify the physical
pleture of the phenomene occurring in tube banks.




SYNBOLS

total.drag coefficient (D/qF)
form drag coefficlent

drag

hydraulic diameter of passage
diameter of tube

frontal area

current to WVheatatone bridge

curront to Wheatstone bridge when no alr flows
over hot wire '

pressures drop

dynamic pressure (% p v*)
spacing

temperature of tute wall
temperature of unheated air

average veloclty of air at minlmum sectlon betwesn
tubos in baenk

mass denslty of alr

absolute viscoslty -of ailr
AFPARATUS A¥D HETEOQDS

The measuremeﬁts presented ian this revort wsre taken

in the duet shown in figure 1., The statlc proassure alead
of the bank of tubes was measured et the top well at a Gle-
tance of 14 feet downstream from tke ontrwace. <T.e nsasic
pressure was also measured nt the top wall 2 feet behind
the bank of tubes, .
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4 tube bank was made of wooden circular tubes 8 inches
long and 2.25 inches in diameter spaced transversely 23,49
inches and staggered longitudinally in such a wey that a
minimum of expansion and contraction was experienced as
the air passed through the bank (fig. 2). The bank was
composed of nine rows with four tubes in each row. Half
tubes were used at the walls to flll out the tube bank and
to reduce the offect of the side walls.

One tube near the middle of each row had surface ori-
fices 180° apart for measuring pressures normnl to the
tube surface. (Bee fig. 3.) The tubes were set in the
bank in_such a position that the open ends of the tubling
were 90 from the stagnation point of the tubes., Pressure-
drop data 1n the bank were obtrined by means of the statle-
pressure measuroments of these tubes. One of tho tubes
was mountec. on a pln and the entire tube was rotated %o
obtaln data for the static-pressure distributlion around
the clrcumference of the twbe. Tho effect of bank depth
wag obtalned by adding rows to and subtracting rows from
the bank.

Determinations of the flow mnecr the surface of a
tube were made wvith a hot wire mounted 0,014 inch from
the surface of the rotatable tube. The hot wire was one
arm of a Vheatstons bridge; the other three arms were
flxed constantan resistances. The current supplled to the
brldpge was varled during the measurements to keep the hot
wire at a constant temperature - Just below red heat,

The dridge had originally been so adjusted that the re-
slstence of the wlre correspondlng to this temperature
balanced the bridge. The amount of current required to
balence the bridge at each position of the hot wire is a
measure of the local velocity of the alr. The hot wire
1tself was & l-inch length of 0,003-inch-dianeter pletl-
num wire.

A brass tube of the eame dinensions as the wooden
tube previously described and contalning an internal 350-
watt heatlng coll weas inserted into the bank, Hot-wire
surveys of the heated surface were tsken. In addition,
an iron-constantan thermocouple was inbedded about 1/16
inch below the surface and a temperature survey of the
tube surface was taken,

Statlc-pressure and total-pressure surveys were taken
in the fi1fth row of the bank by means of the apparatus
shown in fipgure 4, A 0,004-inch-diameter hole was drilled
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in the pide of the 0,030-inch~dlameter tubing, which was
closed gt the lower end. The tube shaft extended about

4 inches below the top of the bank sndcounld be moved

along a slit in the top of the duct. As the tube could

be rotated, the drlilled hole could be placed in any desired
position around the axis of rotation,

REZSULTS AXD DISCUSSIOF

4 survey of the total pressure,-the static pressure,
and the dynamic pressure 12 inches behind the bank of
clrcular tubes was taken with & pltot-stntic tube. The
traverse (fig, 5) showed that the static pressure was unl-
form across the duct cross sectlion but that the total
pressure varled according to the geometricael arrangement
of the last row of the bank ol tubes. The dynamic-pressure
traverse shows these variatloner in greater detail. The
streight line at 0,41 inch of 'alcohol, representing the dy-
namic pressure measured ahead of the bank, 1s lower than
tne aevernpge dyraric pressure neggured behind the bank,.

The reason for this discrepancy is tle large-scale turbu—
lence, set up by tho bank, causinz the dynamnic-pressure
values behlind the bank to b:c too hizh, as explalned in
raference 2. The variation of the dynamic pressure across
the duet follows the geometry of the last row of tubes:
thnt 18, the dynamic pressure 1g high 1an the open snaces
and low behind the tubtes. The clstributions of totenl,
statlec, and dynamic pressure were found to be symmetrical
about tho center line and only half a section 1s there-
fore shown 1n flgure b.

VISUALIZATION OF THE FLOVW TIROUGH THE BANK

The front stagnation point of o tube in the first and
f1ifth rows of the Ddeonk was painted with titanium tetra-
chlorids nnd the path followed by the resultant smolze was
observed through a transperent cellulold windov. A4t very
low Reynolds numbers tae flow around the jube in the first
row wes similar to tke poteniial-flow pattern shown in (a)
of figuroc 6, Thers was no dead-alr reglon at tka resz- of
the tube and the wae formed 2 str~ight 1ine filavnr{ 2u-
tending to tlie next tube in the third row. Wien %, su-r=
apeel was lnecreased a little, the stralght lins Filrnzoas
vas observed to ogclllate alightly; further increa4ze 1in
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airspeed increased the magnitude of these osclllations un-
t11 a complete von Kérmén vortex street (fig. 6(b)) was
formed, At a Reynolds number of 1000, a von Xérmén vortex
street exlsted behlnd the tube 1n the first row, whereas

an unor<ganized shedding of vortices (fig. 6(c)) was ob-
served behind the tube in the fifth row. The formation

of a von KArmdn vortex street behind the tube in the first
rov 18 analogous to the formation of a vortex street be~
hind & circular cylinder im the free air stream (reference
3, pp. 227-228). The vortices behind the tube in the
fifth rov are a conblination of the vortices shed by that
tube and the vortices shed by the tubes 1n the rows far-
ther forward, The superposition of these vortlces accounts
for thelr apparently unorganized appearance. Aps the alr-
speed was further increased, the vortex formation behind
the first row appeared to becone two symmetrical standing
vortices (fig. 6(d4)). At the same Reynolds number of 7000,
the wake behind the tube in the fifth row was diffusedly
turbulent (fig. 6(e)) and had no definite vortex struc-
ture. This difference in the flow in the first and fifth
rows explalns tke entrance effect (reference 1), As the
speed of the cir lncreases, i1t takes a smaller number of
rows of tubes to cause the flow pattern to become diffused-
ly turdbulent.

~r - ~

TOTAL-PRESSURE AND DYNAIIIC-PRESSURE SURVEYS IN THE BANX

A gsurvey of the total and dynamlc pressures ln row 5
wes taken by means of the apparatus shown 1ln figure 4.
At each point of the traverse the maximum reading - that
i1s, the total pressure - was taken; the measuring hole
was then rotated and a mnininum reading taken., Thls nini-
mum reading meassures the total pressure mlnus a constant
times the dynamlc pressure. By the use of this relation,
‘the. variation in the dynamic pressure is obtained.

The marked variations of the total pressure and the
dynanic pressure in a bank are shown in figure 7. Immedi-
ately beiaind a tube (survey I) there is a bdroad wake of
low total=-pressure fluild. As the Ffluld accelerates into
the ninlnum free area between tubes, the low total-
pressure fluld picks up energy (surveys II and III). By
the time the next tube two rows down the bank 18 reached,
the total pressure 1s almost uniform across the cross sec-
t1on (survey IV). The traverse of dynanic pressure dl-
rectly behind a tube (survey I) shows a broad wake of the



6

low dynemic-pressure fluld. 4s the fluld accelerates into
the minimum area between tubes (surveys II and III), how-
ever, the low-veloclity fluld in the center does not accel-
erate any faster than the rest of the fluid. Oonsequently,
even at the minimum areas between tubes (survey III), the
central fluld has a very low velocity. The veloesity of

the central fluid agaln decreases to zero (survey IV) as
the stagnation point of the next tube downstream 1s ap=-
proached.

Thege surveys make it clear that, wvhen fluid flows
across a bank of tubes, the effects of the wake behind ine
dividuel tubes extend to the following tubes. The two
principal phenomena occurrinzg sre the foruation of =
"dead-air" region behind eech tube, which prevents the
mein fluld stream from expandlng appreciadly, arnd the main-
tenance of a low-veloclity sheet down the center of the
open space betveen tubes. This sheet of lowe-veloclty fluid
reacts upon the adjacent fluld as i1f 1t were a semisolld
-wall that, together with the nelighboring tube walls, forms
a frictional passage through which the main fluld stream
flows., The hydreulic diameter that i1s used in describding
the frictlional characteristics of the flowv 1s the hydraulile
diameter of this "pesudo-passage,® which has the sane di-
mensions as helf the mininum passage between tubes of the
same Irow.

FORM DRAG COEFFICIZNTS OF SIRCULAR TUBES

The pressure dlstributions at the tube surface in vare-
ious rowvs of tlhe bank investlgated at two Reynoldes num-
bers, 43,300 and 70,5600, based on tube diauneter, were sim-
ilar t0 the pressure distributions presented 1in reference
4, Thesge pressure dlistributions were used to obtaln ths
form drag coefflolents of the tubes. The drag coefficlent
of a tube in the bank is not comparable with the drag
coefficient of a tube in the free alr stream because of
the difference in the veloclty flelds 1n the two cases,
Figure 8 shows the form drag coefficient as a function of
the bank depth. The variation of the form drag coeffl-
clent wlth the bank depth 1s easily explained by the smoke
surveys described earlier., The flow over the first row of
the bank 1s laminar ahead of bdreakaway Just as 1t would be
in the case of a tube in the free air strean. The flow
over the second row differs from laminar flow Dy the
amount of oscillation of the flow caused by the first rowv.



L-232

7

= wna -

The flow over the third row 1s affected by the oscillations
caused by the first and the second rows and so on with the
succeeding rows, The relatively undisturbed flow over the
first few rows causes thelr form drag coefficients to be
high Just as the form drag coeriflecients of clrcular cylin- -
ders in the free air stream are hizh when the flow is very
laninar. After three or four rows have been passed, the
flow becomes very turbuleat and the form drag coefflicients
thereafter are constant, The last row has a nuch lower
form drag than have the preceding rows because of the re-
duced dynamic pressure and the accompanying increased
statlc pressure at the rear of the rovw.

TOTAL DRAG COEFFICIZITS OF CIRCULAR TUBZS

Figure 9 showa the pressure-drop date obtalined from
& 9«~row bank of circular tubes. The average pressure
drop per row wvas added to the over-all pressure drop
across the 9~-row bank to obtaln values for plotting the
dashed line representing the pressure drop acroess a 10~
row bank, Data from measurements on a l0-row bank fall
along this line, which serves as a check upon the measure-
ment Se

The total drag coefflclents of circular tubes in a
bank are obtalned from the pressure-drop data by means

of the relation
op = (4B) il
q Dy
row

- At a Reynoldse number of 42,300 the total dreg coefflclent

is 0,539, The form drag coefficlent was measured earller
as 0,468 and the difference, which 1s the friction drag
cooffleclent, 1s 0.071, ZFriction accounts for 1L3.3 per-
cent of the %otal drag. imilarly ~%t a Reynolds number of
70,500 the totel drng coafficisut is 0,495, the fora drag
coefflcient 1s 0,427, and ths friction drag coefficlent ls
0,068, IXriotion accounts for 13.7 percent of the total
drag. In reference 5 the friction drag of a single cir-
culaer tube 1n the free air strerm was found to be 2 per-
cent of the total drag at a Reynolds number of 40,000,

The results show that the inclusion of the tube in a bank
spaced with s/Dt = 1.106 1increases the friction drag

to 13 percent of the total drag. .



Thy total drag coefficient at a Reynolds number of
20,000 as & function of the spacing of the tube bank has
been pletted in fizure 10 from falred data from refer-—
.ence 1, Trke data obtained agree well with this plot.

The theoretical friction line ig based upon the friction~
.al - hydraulic diameter discussed earlier, The two experi-
meantal points sgree surprisingly well with the theoretical
friction llne considering that they are ocalculated as the
. differance between two large quantities, the total drag
coefficient and the form drag coefficient.

HOT-WIRE SURVEYS OF CIRCULAR 2UBES

Iizure 1l shows typlical data obtainod in hot-wire
surveys of the tube surface in rows 1, 2, and 4 and 1in
the last row, The entrance effect is clecrly seen in rows
1 and 2, There is early breakavway from tlie tudbe surface
in these rows vecause of the relastively laminar alr flow
described earlier. The dste for row 4 are ty»lcal of
tubes deev in the bank, 4 1.~<x ia cooling occurs at be-
tween 70° and 90° fror the front stagnestion point. Tubes
in the last reuv thowr o large recgicn of breakaway, which
1g, of coursee, & result of the large expansion behind the
banlk: .

Figure 12 gives the results of hot-wire surveys on a
circular tube in the free alr stream at thres Reynolds
numbers: 8.900, 23,700, anéd 41,500, These results indi-
cate that the front of the tube 1s more effective in cool=
ing than the rear of tke tube.

Eot=wire surveys of an internally heated brass tube
placed in verious rows of the bank agree, in general,
with the earlior surveys (fig. 11) but show progressively
less cooling toward the rear of the tube (fig, 13) because
of the increasing temperature of tke air Film, (Similar
results were obtalned for a single tube in the free air
strean,) TFigure 14 shows typical dats obtalned by means
of a thernocouple survey of the heated tudbe surface at a
Reynolds aumdber of 42,300, The average temmerature 4dlf-
ference avanilable for cooling was 3.87 millivolts, which
corresponds to 128, 4° F, ~nd the amount of heat diesipated
wag 0,244 Jtu nmer second. The average heat- transfer coef-
ficient was therefore 0.00483 Btu per second per °F per
square foot. When the thermal conductivity of the alr at
the "film" temperature of T, - % (T, - T3,) (reference 1)
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is used, Nusselt's number 1ies calculated to be 204.5, which
agreeg wlith the date of reference 1.

CONCLUDING REMARKS

Several experimental methods have been used in thig
study and new informetion that clarifies the pileture of
the flow of fluld across tube banks has been obtalned.
Titanium-tetrachloride smoke surveys clearly showed the
increase of the turbulence of the flow with the depth of
the bank. Surveys of the static pressure at the surface
of tubes in each row indicated that, at a Reynolds number
of 40,000, the effects of the smoother flow in the first
few rows extended at least three rows into the bank, At
the slightly lower Reynolds numbers at which aircraft
heat exchangers usually operate, smoke surveys 1lndicated
that the entrance effects extended about four rows into
the bank.

Total-pressure and dynamic-pressure surveys deep in
the bank revealed that a broad wake behind each tube afe-
fected the flow over the succeedlng tubes. Because of
the vake, a sheet of low-velocity fluld was maintained
down the center of the space between tubes. The alr flowed
frictionally through tho passage between thls sheet and the
tube surface. When the bank spacling was l.ll times the
tube dianeter, frictlion accounted for 13 percent of the
pressure drop. As the spacing decreased, the amount of
friction increased,

Hot-wire surveys of the surface of tubes in each rov_
showed that, for tubes deep 1n the bank, a peak 1in cooling
occurred at between 70° snd 90° from the front stagnation
point of the tube and a slight peak occurred at the rear
of the tube. A comparison of the hot-wire surveys of the
surface of heated tubes with the hot-wire surveys of the
surface of unheated tubes both in a bank and 1n the free
alr gtream showed that the only effect of heating was
progressively less cooling toward the rear of the tube.
There was no evidence that the vortices at the rear of the
tube were comnosed of cool air, as has sometimes been
maintained.

Langley iienorial Aeronauticel Laboratory,
Hational Advisory Conmittee for Aeronauties,
Langley Fleld, Va.
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